Plant plasma membrane (PM) proteins play important roles in signal transduction during defense response to an attacking pathogen. By using an improved method of PM protein preparation and PM-bound green fluorescent protein fusion protein as a visible marker, we conducted PM proteomic analysis of the rice suspension cells expressing the disease resistance gene Xa21, to identify PM components involved in the early defense response to bacterial blight (Xanthomonas oryzae pv. oryzae). A total of 20 regulated protein spots were observed on 2-D gels of PM fractions at 12 and 24 h after pathogen inoculation, of which some were differentially regulated between the incompatible and compatible interactions mediated by Xa21, with good correlation between biological repeats. Eleven protein spots with predicted functions in plant defense were identified by MS/MS, including nine putative PM-associated proteins H 1 -ATPase, protein phosphatase, hypersensitive-induced response protein (OsHIR1), prohibitin (OsPHB2), zinc finger and C2 domain protein, universal stress protein (USP), and heat shock protein. OsHIR1 was modified by the microbal challenge, leading to two differentially accumulated protein spots. Transcript analysis showed that most of the genes were also regulated at transcriptional levels. Our study would provide a starting point for functionality of PM proteins in the rice defense.
Introduction
Following the marvelous progress in plant genome and functional genomics, researchers now pay more attention toward the understanding of protein expression profile and protein-protein interactions (proteomics) either in a specific organ and development stage or during a particular biological process. Over the past years, great progress has been achieved in plant proteomics. These studies mainly focused on two catalogs, developmental proteomics of organs/tissues and organelles, and environmental proteomics in responses to biotic and abiotic stresses [1] [2] [3] [4] .
Rice, one of the most staple food crops, has been adopted as the model plant for monocot cereals, with its relative small genome sequenced [5] . This breakthrough achievement boosts research on the identification of function and regulation of rice proteins. As a powerful tool to systematically analyze the protein expression pattern in a given tissue of a certain development stage or condition, proteomics plays an important role in rice functional genomics of the postgenome era, along with a considerable amount of proteomic studies conducted with this crop. For example, proteomic studies of the embryo and endosperm development [6] , anther [7] , green and etiolated shoots [8] , the basal region of developing seedlings [9] , metabolic pathways in leaf, root and seed [10] , and cultured suspension cells [11] have provided informative findings on rice protein profiles. More recently, the analysis of differential protein expression in rice leaves at the six different development stages allowed the identification of 49 differentially regulated protein spots [12] . Proteomics analysis was also employed to study rice responses to environmental stimuli, such as hormones including gibberellin, brassinolide, jasmonic acid and auxin [13] [14] [15] , cold [16, 17] , high temperature [18] , drought [19] , salinity [20, 21] , wound [22] , nitrogen nutrient [23] , and ozone [24] .
The plant response to pathogen attack or microbial signals has been a longtime interest of plant biologists and pathologists. Proteomics provides a direct evidence for target proteins involved in defense responses. For example, an Arabidopsis protein AtPhos43 and its homologues in tomato and rice are phosphorylated within minutes after treatment with flagellin or chitin fragments [4] . The analysis of leaf proteins of rice plants infected with blast fungus (Magnaporthe grisea) discovered 14 potential pathogenesis-related proteins that might be involved in the rice incompatible interaction with the pathogen [23] . Moreover, proteome analysis of the rice lesion-mimic cdr2 mutant showed that a total of 37 proteins were differentially expressed between cdr2 and wild type plants, with 28 up-regulated and 9 downregulated in the cdr2 mutant [25] . It was suggested that the programmed cell death in the cdr2 mutant might be associated with active metabolic changes since many of these differentially expressed proteins were classified as metabolic enzymes [25] .
Obviously, organelles-based proteomics will provide accurate and valuable information on protein compartmentalization and functionality [26] [27] [28] [29] . Proteomic analysis of rice subcellular compartments has been carried out, including the plasma membrane (PM), vacuolar membrane, mitochondria, and chloroplasts [30] . PM is particularly important for all biological processes, given the fact that most of the receptor proteins for different signals are located in the PM, for example, proteomic analysis of the Arabidopsis PM identified components of transport, signal transduction, membrane trafficking, and stress responses [31] . However, there is not much information on direct PM proteomic investigation for defense response, mainly due to difficulty in PM protein analysis.
The rice receptor kinase XA21, predicted to be a PM protein, confers disease resistance to rice bacterial blight Xanthomonas oryzae pv. oryzae (Xoo) [32] , and autophosphorylation plays a role in the XA21 stability [33] . However, hitherto poor information is available about the XA21-mediated resistance. To gain an insight into rice PM proteins involved in the early defense response to Xoo particularly in the XA21-mediated resistance response, we conducted PM proteomic analysis using the Xa21-transgenic rice suspension cells inoculated with the compatible and incompatible Xoo races. We report here that a total of 20 protein spots out of 250-300 PM proteins were differentially regulated in the rice-Xoo interactions, of which 11 spots representing ten different proteins were determined with putative functions by MS/MS. We also observed that a hypersensitive-induced response (HIR) protein might be subjected to modification during the rice defense response. RT-PCR analysis validated regulation of the protein genes.
Materials and methods

Plant materials and Xoo inoculation
The Xa21-transgenic rice [32] suspension cells were cultured in liquid medium changed weekly, shaken in the dark at 120 rpm, 267C. The suspension cells were coincubated with 10 7 cells/mL of the incompatible Xoo race 6 strain PXO99A (P6) and the compatible race 1 strain DY89031 (K1) as described in Ref. [34] . Cells were harvested at 0, 12, and 24 h after inoculation, followed by washing with ddH 2 O to remove microbes. A constitutively expressing Xa21-GFP (green fluorescent protein) fusion driven by the 35S promoter was introduced into the same japonica variety TP309 to make suspension cells for PM detection.
Cell death detection
Cell death was detected to indicate the rice defense response stimulated by Xoo in the suspension cells. Inoculated cells were stained with 0.05% Evans blue for 15 min followed by washing with ddH 2 O to remove excessive dye. Dyes taken up by dead cells were solubilized in 50% methanol with 1% SDS at 507C for 30 min, and quantified by measuring the absorbance at 600 nm as described in Ref. [34] . Rice suspension cells were incubated at 807C for 10 min as complete death control.
Isolation of PM fraction
Control and inoculated suspension cells were ground into powders in liquid nitrogen and resuspended in a solution containing 1.5 mM Tris-MES pH 7.8, 1 mM EDTA, 1 mM DTT, 0.25 M sucrose, 0.6% PVP w/v, 1 mM PMSF. After centrifuging at 80 0006g for 30 min, the pellet was suspended in 5 mM phosphorous buffer, pH 7.8 with 0.1 mM DTT. The crude PM fraction was then further purified with the two-phase partition system containing 6.4% w/v PEG-3350 (Sigma), 6.4% w/v Dextran T-500 (Pharmacia), 0.25 M sucrose, 4.7 mM phosphorous buffer, pH 6.8. After being partitioned by centrifugation at 10006g, 5 min, repeated for three times, the up phases from three centrifugations were recovered and centrifuged at 120 0006g for 30 min. The pellet was washed by ddH2O twice with centrifugation at 20 0006g, 47C for 20 min, and then was suspended in the Cellular and Organelle Membrane Solubilizing Reagent (ProteoPrep Membrane Extraction kit, Sigma). Proteins were further separated according to the manufacturer's protocol (Sigma). Preparation and protein analysis of PM samples were repeated biologically for three times with three technical repeats. Protein concentration was assessed with Bradford dye staining with reference to the standards [35] .
Purity assessment of PM samples
PM sample was prepared from the transgenic suspension cells overexpressing Xa21-GFP fusion protein according to the method described above, without further protein extraction. PM purity was estimated by counting GFP-containing luminescent fragments of the PM preparation under the confocal laser microscope (Zeiss LSM510).
2-DE and detection of differentially expressed proteins
For protein detection, each of 100 mg PM protein sample was mixed with equal volumes of the rehydration buffer comprising 7 mM urea, 2 M thiourea, 0.5% Triton X-100, 0.5% IPG buffer (pH 4-7), 20 mM DTT, and bromophenol blue, and loaded onto IPG strips (linear pH 4-7, 17 cm, BioRad), kept at 177C for 10 h, then followed by electrophoresis at 200 V for 2 h, 250 V for 30 min, 1000 V for 1 h, 10 000 V for 10 h, according to the manufacturer's protocol (BioRad). After electrophoresis, IPG strips were soaked in 50 mM TrisHCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, and bromophenol blue by shaking for equilibration for two times, the first with 2% DTT (10 min) and the second with 2.5% iodoacetamide (3 min). The second dimension electrophoresis was carried out on 12% SDS-PAGE at a constant current 60 mA for 5 h. Proteins were detected by silver stain [36] , scanned, and analyzed for differentially expressed spots by the Melanie 4 software. For the preparation of target proteins, 250 mg PM protein sample was loaded.
Identification of proteins by MS/MS
Protein spots of interest were excised from two or three replicated gels. Briefly, silver-stained gel pieces were destained in 15 mM potassium ferricyanide and 50 mM sodium thiosulfate at room temperature for 20 min. The pieces were then washed twice with ddH 2 O and dehydrated in 100% ACN for 10 min, followed by drying completely at 377C for 10 min. To conduct in-gel tryptic digestion, samples were incubated in a digestion mixture containing 20 mM ammonium bicarbonate and 12.5 ng/mL trypsin at 47C for 30 min and then digested at 377C overnight. After incubation twice in 50% ACN with 0.1% TFA for 30-40 min, trypsindigested peptides were collected from the supernatants and dried under the protection of N 2 for subsequent MS identification [37] . Peptide samples were redissolved in 50% ACN, 0.1% TFA and 5 mg/mL CHCA (Sigma), then were loaded and air-dried on a target plate (Applied Biosystems). The mass range of PMF was scanned from 700 to 3200 Da by an ABI 4700 MALDI TOF-TOF proteomics analyzer (Applied Biosystems), followed by MS/MS analysis. Data were analyzed using the GPS (Applied Biosystems)/MASCOT software (Matrix Science) and searched against the protein database (http:// www.ncbi.nlm.nih.gov) to retrieve the matched proteins.
Phylogenetic analysis of rice proliferation, ion, and death (PID) superfamily
Rice PID genes were searched from the whole rice genome (japonica Nipponbare) via the public GenBank database (http://www.ncbi.nlm.nih.gov/). The ORF regions of rice PID genes were multialigned by Megalign and ClustalX 1.81. Puzzle 5.2 and TreeView 1.6.1 were used to perform the phylogenetic analysis.
Gene expression analysis by RT-PCR
Total RNAs of the rice Xa21-transgenic suspension cells were extracted at 12 and 24 h after Xoo inoculation with mock inoculation as control, followed by the first cDNA strand synthesis for RT-PCR using SuperScriptTM RT-PCR kit (Invitrogen). RT-PCR primers were designed based on the cDNA sequences of the identified protein genes (see Table 1 ). The rice ubiquitin-1 (Ubi) was used as the inner control. 
Defense activation in suspension cells by Xoo
XA21 is predicted to perceive the Xoo signal at the cell surface [32] , leading to the "gene for gene" resistance response.
To confirm that the Xa21-expressing suspension cells respond to Xoo in a race-specific pattern, we incubated the suspension cells with the incompatible strain P6 and the compatible strain K1 to measure induced cell death. Evans blue staining indicated that cell death occurred earlier and stronger in the incompatible interaction ( Fig. 1) , with signifi- cant difference in cell death between the two interactions at 12 h. Similar result was also observed in the previous experiments [34] , indicating that rice defense response was activated in the suspension cells by the inoculation with Xoo.
Because rice suspension cells grow as small calli, not single cells, cell death probably occurred only in epidermal cells during the early defense response as previously observed [34] . Most of the cells remained alive compared with the death control (Fig. 1) . These results provide the foundation for our PM proteomics analysis focused on differentially expressed proteins during the early defense response.
Isolation and verification of PM compartment from rice suspension cells
We established an efficient and reliable PM protein preparation procedure by combining the two-phase partition method and the ProteoPrep membrane extraction kit. We observed a great improvement in protein separation by 2-DE using the procedure in comparison with the conventional two-phase partition protocol (data not shown). Usually, the purity of PM is evaluated by determining the activity of the PM marker enzyme, H 1 -ATPase [30, 38] . However, this ATPase maker method is somehow technically difficult for routine analysis. Other detection methods for PM preparation would be feasible such as proposed GFP fusion proteins to determine the visible localization of proteins in organelles [11] . Given that XA21 accumulates at low level with the native promoter, we used the Xa21-GFP overexpressing suspension cells to determine the purity of our PM fraction preparations. As expected, the PM sample of the Xa21-GFP cells displayed fluorescence on about 70% membrane debris under the fluorescent microscope (Fig. 2) , and no any fluorescence was detected in the non-GFP transgenic PM fractions. Therefore, our preparation of PM samples contained at least 70% PM fraction, this reliable PM purity was the same as those obtained with methods used by other researchers [30, 38] .
Differential expression of PM proteins in response to Xoo
We observed a total of about 250-300 visible protein spots on each 2-D gel with silver staining (Fig. 3) , similar to the report by Tanaka et al. [30] . Based on biological and technical repeats, we systemically screened proteins that were differentially regulated in the early response to both the incompatible and compatible bacterial strains. According to the analytical results, good correlation was observed for whole images between the biological repeats (match rates were from 79.1 to 87.5%), and between technical repeats (match rates were over 90%), indicating reliable reproducibility of the experiments. Screening by the image software indicated potential differentially regulated spots at 12 and 24 h after inoculation (data not shown). We determined the regulated proteins based on the criterion: regulated spots could be reproduced in all biological and technical experiments, and their levels (percentage volumes) changed at least twofold, as shown in Fig. 3 . Finally, we observed a total of 20 protein spots with reliable expression regulation in the early rice defense response to Xoo (Fig. 4A ). These proteins were regulated differentially in the incompatible and compatible interactions ( Table 2 ). There were three (spots 1, 7, 14) and six (spots 3, 4, 9-12), one (spot 5) and one (spot 15) spots regulated only in the compatible K1 inoculation at 12 and 24 h, in the incompatible P6 inoculation at 12 and 24 h, respectively. Two (spots 6, 17) and three (spots 8, 16, 19) spots were regulated in both P6 and K1 inoculations at 12 and 24 h, respectively. Spot 13 was up-regulated at 12 and 24 h only during the P6 inoculation. Spot 20 was down-regulated at 12 h in the K1 inoculation, and at 24 h in the P6 inoculation. Spot 2 was up-regulated at 12 and 24 h during the P6 inoculation, while it was up-regulated at 12 h but decreased to the basal level at 24 h during the K1 inoculation. Interestingly, spot 18 was down-regulated at 12 and 24 h by P6, but up-regulated at 24 h by K1, indicating that this protein could play an important role in the rice defense response to Xoo.
Identification of regulated PM proteins
PM proteins were identified by MS/MS (Fig. 5) , since the Edman sequencing method does not work well for membrane proteins [30] . Of 20 regulated spots, 11 were successfully identified by MS/MS with putative functions (Fig. 4B) , others either could not be determined by MS/MS, or matched proteins without any predicated functions (data not shown). Statistical evaluation showed their relative volumes with standard errors (Table 3) , indicating again their reliable differential expression. The predicted molecular weights (MW) and pI of these proteins were consistent with their Down-regulated at 24 h in compatible interaction 5
Up-regulated at 12 h in incompatible interaction 6, 17 Down-regulated at 12 h in both compatible and incompatible interactions 7
Down-regulated at 12 h in compatible interaction 8, 16, 19 Up-regulated at 24 h in both compatible and incompatible interactions 9, 10, 12
Up-regulated at 24 h in compatible interaction 13 Up-regulated at 12 and 24 h in incompatible interaction 15
Up-regulated at 24 h in incompatible interaction 18 Down-regulated at 12 and 24 h in incompatible interaction Up-regulated at 24 h in compatible interaction 20
Down-regulated at 24 h in incompatible interaction Down-regulated at 12 h in compatible interaction positions on the gel (Fig. 4A , Table 4 ). Spots 10 and 11 were identified to be the same protein (Table 4) . Particularly interesting, protein spots 2 and 9 were induced more than fivefold by Xoo (Fig. 4C) . Among the other ten regulated proteins, six proteins, H 1 -ATPase, protein phosphatase, prohibitin (OsPHB2), HIR protein (OsHIR1), quinone reductase, zinc finger, and C2 domain protein are considered as putative PM-associated proteins [39] [40] [41] [42] . The universal stress protein (USP) was suggested to be a membrane-associated protein since the E. coli UspA may have a role in fatty acid/membrane lipid metabolism [43] . Low molecular weight (LMW) HSPs have been observed in different subcellular compartments, it might also associate with PM as the yeast LMW Hsp12 [44] . Ascorbate peroxidase and alcohol dehydrogenase 1 (ADH1) are probably not located on the PM (Table 4) . Ascorbate peroxidase is a mitochondrial membrane-bound protein, and ADH1 might be a cytoplasmic protein, which could be coisolated with PM fraction. All these proteins including ascorbate peroxidase and ADH1 have been repeatedly identified as defense or stress response-regulated proteins. The further functional characterization would provide insight into their roles in the rice defense response.
Interestingly, we identified spots 10 and 11 as the same OsHIR1 protein with different pIs ( Table 4 ), suggesting that this protein might be subjected to phosphorylation-regulation or other kind of modification during the defense response, given the fact that this protein contains five potential phosphorylation sites (Fig. 6A) . Similar result is also observed in an HIR-related protein, OsPHB1, in a rice cell death mutant [45] . Our results suggest that HIR proteins might actively function in plant defense. PHB and other HIR proteins containing the PHB domain belong to a protein superfamily PID involved in development and defense responses [46] . As shown in Fig. 6A , OsHIR1 shared sequence or structural similarity with ZmHIR1, OsPHB1, OsPHB2, and ZmPHB2. A total of 18 PID genes were mined from the japonica rice genome, and a phylogenetic tree was established (Fig. 6B) . It was shown that there were eight OsHIR and seven OsPHB proteins in the rice genome. Other three proteins (GenBank accession nos. AAT85034, AAP53873, and BAC99654) were classified independently.
Differential expression of regulated protein genes
In order to confirm transcriptional regulation of these genes, we detected their transcripts by RT-PCR. As shown in Fig. 7 , five genes, ADH1, OsHIR1 (spot 10), ascorbate peroxidase, quinone reductase, and zinc finger and C2 domain protein-like showed good correlation between transcript and protein levels at the time points/interactions indicated in Table 2 . Transcription levels of H 1 -ATPase, USP, and LMW HSP also exhibited good correction at some time points with protein levels (Fig. 7, Table 2 ), except transcription levels of H 1 -ATPase in resistant reaction, 24 h (R24), USP in susceptible reaction, 24 h (S24), and LMW HSP in S12 were not consistent with corresponding protein levels. Similarly, transcripts of ADH1, OsHIR1, ascorbate peroxidase, quinone reductase, and zinc finger and C2 domain protein-like displayed to be regulated, while protein levels were not altered in some interactions (Table 2) . Interestingly, protein phosphatase was shown to be up-regulated at R24 and S24, however, its transcript was not, which instead was significantly induced at R12 and S12. This gene might also be subjected to regulation by mock inoculation conditions, given that its control at 24 h (C24) had higher signal than C12. Also similar were the controls for zinc finger and C2 domain protein-like (Fig. 7) . OsPHB seemed to be slightly up-regulated in S24 but significantly down-regulated in R12 and R24, while the protein level was not altered in the resistant reactions (Fig. 7 , Table 2 ). These results indicate that some of the genes were regulated at both transcription and protein levels, and a few were subjected to post-transcriptional regulation during the rice-Xoo interaction. Similar results were also observed in other reports [17, 47, 48] .
Discussion
PM proteomics analysis has been thought particularly difficult because this subcellular compartment contains a large amount of lipids and saccharides, and many PM proteins contain hydrophobic peptides. In this paper, we have adopted a method to isolate PM proteins by combining the conventional two-phase partition method and the membrane extraction kit, to facilitate PM protein preparation and improve the quality of 2-DE of PM proteins, which showed good reproducibility among independent experiments. We also used a PM-bound GFP fusion protein to monitor the purity of PM preparation, which exhibited visible proportion of PM fragments in the membrane pellet (Fig. 2) . These methods would certainly further enhance the effectiveness of PM proteomics study. We used silver staining to detect differentially expressed PM proteins in considering low abundance of many PM proteins. However, silver staining probably affected the efficiency of MS/MS, about 60% tested proteins were successfully identified by MS/MS in our current study (Tables 2 and 4 ). Plant PM proteomics study has been conducted with the two model plants, Arabidopsis [31] and rice [30] . Among hundreds of rice PM proteins, seven have been identified by the Edman sequencing strategy and 51 by MS/MS [30] . We reported here for the first time using proteomic approach for the identification of PM proteins involved in the rice defense response to the bacterial blight. The rice suspension cells expressing XA21 responded to the pathogen strains (Fig. 1) , suggesting that race-specific and basal defense responses were stimulated through signal perception at the cell surface and transmembrane-transmission by the membrane receptor and other PM-associated components [32] [33] [34] . We postulated that these PM-associated components could be regulated in the rice cell during the early defense response.
In this study, we observed a total of 20 protein spots regulated by the pathogen challenge (Figs. 3 and 4 ) and identified at least eight putative PM-associated proteins with potential functions in rice defense (Fig. 4, Table 4 ). Both H 1 -ATPase and quinone reductase, two enzymes functioning in electron and energy transfer, were up-regulated in the riceXoo interactions (Fig. 4C, Table 2 ). H 1 -ATPase has been recognized as the proton pump to stimulate the hypersensitive response during plant defense responses [49] . In rice, this protein has not been found to be involved in defense response. Our study suggests that the rice H 1 -ATPase might play a similar function as a proton pump in defense. Quinone reductases are detoxification enzymes, possibly function in protecting against pathogen-induced oxidative stress, as suggested for the auxin-responsive quinone reductase [50] . Interestingly, we observed that some defense-related proteins including HIR, PHB, and USP were regulated in the rice defense response, and that OsHIR1 (spot 10) and OsPHB2 (spot 9) exhibited similar expression pattern (Fig. 4 , Table 2 ). Although further studies are required to verify the importance of these proteins in the rice defense, the preliminary result would serve as a starting point for functionally characterizing these proteins and their family (Fig. 6B) .
A protein phosphatase was also up-regulated, indicating that phosphorylation event could play a role in the early defense response. In support of this hypothesis, we observed that OsHIR1 might be differentially modified or phosphorylated during the pathogen challenge, leading to the accumulation of probably phosphorylated OsHIR1 (Fig. 4B and C, Table 2 ). Similarly, OsPHB1 was also found to be hyperphosphorylated in the rice cdr1 lesion-mimic mutant after the treatment of calyculin A, an inhibitor of protein phosphatase [51] . It would be interesting to investigate whether the phosphatase directly reacts with OsHIR1, and whether mutations on the potential phosphorylation sites would abolish the function (if any) of OsHIR1.
There were cell death events occurring during pathogen infection (Fig. 1 ). There could be more PM proteins regulated because of PM structure and permeability changes during infection. However, only 20 protein spots were found to be regulated in this defense response with the current techniques, of which ten proteins were already regulated at 12 h (Fig. 4, Table 2 ). We do not know how the whole PM components change during defense response. Hitherto not many PM proteins or genes (except those R receptor proteins) have been identified involved in defense, probably because most of the defense activities occur intracellularly or PM proteins are at too low abundance to be detected. Another possibility is that rice suspension cells grow as small calli not single cells, cell death occurs only in the epidermal cells of calli as observed (Fig. 1) , resulting in low ratio of dead cell PM in preparation. Some advanced technology such as laser capture microdissection (LCM) could provide a more precious tool for further investigation of cellular events during the defense response. It has been frequently documented that protein level is not always consistent with transcript level [17, 47, 48] . Similarly, our experiment showed that transcript levels of some genes did not fit well with protein patterns revealed by 2-D image (Figs. 4 and 7 , Table 2 ) Therefore, some proteins were regulated at the translation or post-translation level.
In summary, we found that a combining utilization of the two-phase partition method and the commercial membrane extraction kit could generate good quality 2-DE of PM proteins. We also indicated that a PM-bound GFP fusion protein could visibly monitor the purity of PM routine preparation. Our current study demonstrates that direct proteomics analysis of rice PM can be applied to identify potential PM components involved in the rice defense response to microbes. Some of the PM proteins identified in this report might play important roles in plant disease resistance, although further studies are required to verify the detailed localization and regulation of these proteins.
